A composite powder Li 2 FeSiO 4 /C is synthesized through a solid state reaction at 750 °C.
Introduction
The increasing need for high density energy storage devices is a driving force for pursuit and development of new cathode materials for Li-ion batteries. Ever since Li 2 FeSiO 4 was first introduced by Nytén et al. [1] , lithium transition-metal orthosilicates with general formula Li 2 MSiO 4 (M = Fe, Mn, etc.) have attracted a lot of interest due to their potentially high theoretical capacities arising from the possibility for the extraction of two Li-ions per formula unit [2] . In addition, their intrinsic thermal and structural stability, as a result of strong Si-O bonds, together with low cost of raw materials and environmental friendliness further enhance their potential to become cathode materials of choice for large-scale battery applications.
There are several polymorphs of Li 2 FeSiO 4 structure reported so far with different symmetries: Pmnb, P2 1 /n, Pmn2 1 [3, 4] . All the cations, within these polymorph structures, are positioned in the tetrahedral sites in a slightly distorted hcp oxygen array, but with different interconnectivity of cation tetrahedra and their respective orientations along a given crystallographic direction [3, 5] . This is dissimilar to general electrochemically active transition metal compounds in which transition metal ions occupy octahedral sites. The common feature for Li 2 FeSiO 4 polymorphs is that during electrochemical cycling the host structure transforms to inverse β II structure [4, 6] as a more stable polymorph [7] .
The structure of Li 2 FeSiO 4 under investigation belongs to the monoclinic space group P2 1 /n (#14) and consists of a slightly distorted hexagonal close-packed (hcp) oxygen framework. The lithium, silicon, and iron atoms occupy 1/4, 1/8, and 1/8 of tetrahedral sites, respectively.. The structure can be considered as a layered one: Si and Fe atoms are forming (101) layers of corner-shared SiO 4 -FeO 4 tetrahedra ( Fig. 1.) . The In the present paper, Li 2 FeSiO 4 /C composite was synthesized by means of the solid-state reaction. Special attention has been paid to the refinement of the crystal structure, which indicates that the structure is prone to an antisite defect; that is the replacement of lithium and iron ions. The crystal structure refinement results were confirmed by Mössbauer spectroscopy. Additionally, the refined data were used for the mapping of Li + diffusion paths by the application of the bond valence model and a brief overview of transport properties is given at the end of the paper. .
Experimental
Li 2 FeSiO 4 was synthesized by a solid-state reaction of Fe(NO 3 ) 3 *9H 2 O, Li 2 CO 3 , SiO 2 , and glucose. The starting compounds were mixed in the molar ratio of Li:Fe:Si = 2:1:1, dispersed in water, thoroughly ground after drying, and then calcined for 2 hours at 750 °C in a slightly reducingatmosphere (Ar + 5% H 2 ). Glucose was added (4 wt%) as a carbon source that on pyrolytic decomposition forms carbon impeding particle growth and maintains reducing atmosphere. The amount of the in situ formed carbon was determined thermogravimetrically and estimated at 1. Electrochemical measurements were carried out in a closed, argon filled twoelectrode cell at room temperature, with metallic lithium as a counter electrode. 1M solution of LiClO 4 (p.a., Chemmetall GmbH) in PC (p.a., Honeywell) was used as an electrolyte. Working electrodes were made from the synthesized material, carbon black, and polyvinylidene fluoride (PVdF, Aldrich) mixed in 70:20:10 weight percent ratio and deposited on platinum foils from slurry prepared in N-methyl-2-pyrrolidone.
Galvanostatic charge/discharge tests were performed between 4.0 and 1.5 V at C/20 and C/10 current rates.
Results and discussion
The morphology of the powder, as revealed by scanning electron microscopy, is shown in Fig. 2 . The particles are irregular in shape, consisting of closely packed and sintered platelet-like structures, with an average particle size of 250 nm. Owing to the in situ formation of carbon, which impeded the particle growth, the particles are smaller in size than those typically found in powders prepared by solid-state reaction [9] .
The crystal structure of the synthesized powder was confirmed by X-ray powder diffraction. The diffraction pattern revealed the Li 2 FeSiO 4 phase of a monoclinic structure, with traces of Li 2 SiO 3 as an impurity phase (Fig. 3 ). The structure of Li 2 FeSiO 4 powder has been refined in the space group P2 1 /n (14. S.G.) in a structure type where Li + , Fe 2+ , and Si 4+ , and O 2ions occupy two, one, one and four different general 4e crystallographic positions [x,y,z], respectively. The crystal structure refinement was based on the Rietveld full profile method [10] using the Koalariet computing program based on the Fundamental Parameters convolution approach to generate line profiles [11] .
The observed and calculated X-ray diffraction profiles of the sample are given in Fig. 3 , while the main results of the final Rietveld refinement are presented in Tables 1 and 2. Lattice parameters are consistent with the literature data [3, 12] . Comparison of the average particle size determined by scanning electron microscopy with the mean crystallite size of 100 nm, determined from the X-ray diffraction data, implies polycrystalline nature of the powder particles. The Rietveld refinement also showed additional electron density on the lithium sites (negative Debye-Waller factor) indicating a so-called "anti-site" defect in which a Li ion (on the Li(1) and/or Li(2) sites) and an Fe ion are interchanged. This antisite defect is found to be the most favourable defect of Li 2 MSiO 4 structures [4, 13] . For that reason, during the refinements it was allowed for the Fe ions to also occupy both Li sites beside the Fe site. This approach resulted in the decrease of R values and the best refinement was achieved for the arrangement where ~5 at.% of the Fe ions occupy Li(2) crystallographic position, but not the Li (1) Table 2) were used for the calculation of all relevant bond distances ( Table 3 ) that enabled us to determine coordination polyhedra ( Fig. 4 ), bond valence sums (Table 2) , and polyhedra distortion ( Table 4) The Mössbauer spectrum consists of four subspectra: one doublet, one sextet and two single line distributions (Fig.5) . The Mössbauer parameters are given in Table 5 . The doublet has its origin from Li 2 FeSiO 4 [15] . There is only one inequivalent position of Fe ion in the P2 1 /n polymorph. The isomer shift is 0.959(1) mms -1 , which is in the upper limit of the characteristic values for tetrahedral environment of Fe 2+ cations. This implies that a negative charge is removed from the iron nucleus causing an increase of the isomer shift value. The distortion of the FeO 4 tetrahedron ( Table 4 and Fig. 4 ) contributes to a large value of quadrupole splitting of 2.391(1) mms -1 , already reported in the literature [16] . This doublet, with 81.7(3) % of total fitted area, is the main contribution to the spectrum, and assuming that the recoilless factors are the same for all Fe sites, 81.7 % is the volume fraction of this phase. Likewise, the line width is narrow, 0.271(1) mms -1 , indicating that the doublet originates from the well positioned Fe ions, and thus excluding the presence of other Li 2 FeSiO 4 polymorphs in the sample [15] .
The sextet evidenced in the Mössbauer spectrum could be assigned to the iron ions positioned at the lithium sites (Li(1) or Li(2)). As discussed above, there are two inequivalent positions of lithium ions in the P2 1 /n polymorph, with different polyhedra distortion: Li(1) polyhedron distortion being almost four times higher than that of Li (2) ( Table 4 and Fig. 4 ). Supposing that Fe ion is positioned at the more distorted Li(1) site, due to a greater distortion of that site in a comparison with that of the Li(2) site, it would be exposed to stronger electric field gradient (EFG), which would give rise to quadrupole shift. Considering the obtained small value for the quadrupole shift (2ε) of the sextet of 0.2(1) mms -1 , to be the measurement of the interaction between the nuclear quadrupole moment of cation probe and EFG, we are concluding that Fe ion substitutes Li ion at the Li(2) site. Quite large line widths of the sextet of 0.9(2) mms -1 reflect the distortion of that site. The sextet isomer shift of 0.82(6) mms -1 confirms the tetrahedral coordination of Fe 2+ , although that value is approaching the values for the planar environment [17] .
Additional confirmation that part of iron ions are exclusively positioned at the Li (2) the tetrahedral site, and δ=0.67 mms -1 , Δ=0 mms -1 , and B hf =46 T for the octahedral site [19] . With the decrease of particle volume, superparamagnetism may occur, when the measurement of hyperfine field is impossible. The first singlet is represented by the unimodal distribution, with the average isomer shift of 0.645 mms -1 , and the standard deviation of 0.152 mms -1 . This isomer shift is a result of the fast electron hopping between Fe 2+ and Fe 3+ on the octahedral sites. Its fraction is 10.3(7) % of the total fitted area. The second distribution is bimodal distribution presenting 1.7(1) % of the total fitted area. This distribution is a signal from the octahedral sites where existing vacancies break down electron hopping at the unpaired Fe 2+ and Fe 3+ cations [20] . The distribution is related to the structural distortion of the environment of the absorbing ion probably associated with the amorphous or nanoparticulate nature of this phase, which is not detectable by X-ray diffraction due to its low crystallinity.
Empirical bond length-bond valence relations provide insight into the link between the structure and ion transport. Knowing the structure opens up the possibility to utilize the bond-valence approach to find the diffusion pathways of lithium ions in the crystal lattice. It is based on an assumption that any point in the unit cell having a value of 1.0 vu represents a possible location for Li + [21] . The 3DBVSMAPPER program was used to calculate the spatial distributions of bond-valence sum values on a threedimensional grid, and to identify infinitely connected isosurfaces in these spatial distributions for a given bond-valence energy threshold and to extract their volume and surface area characteristics [22] . The calculations suggest that Li conductivity is twodimensional in the (101) layer ( Fig. 6 ) with overall diffusion via curved trajectories in the b direction and along the diagonal between the a-and c-axes. This finding is in a good agreement with the calculated activation energies for Li-ion migration in isostructural Li 2 MnSiO 4 [13] , which showed a very high activation barrier perpendicular to the (101) layers. Anti-site defect (an Fe ion positioned at the Li site) within such conductivity network will impede Li-ion migration. At the same time, presence of Li at the Fe sites may be expected to provide Li transfer between the conducting layers and thus improve overall ionic conductivity of the material by making it three-dimensional, although the concentration of such defects should be high for good percolation.
An ex situ diffraction experiment was performed on the material taken from the cycled electrode in order to verify the crystal structure sustainability (inset of Fig. 7 ). It is evident that the charging process leads to structural rearrangement though it was not possible to refine the new structure due to a poor signal to noise ratio of the XRD pattern.
However, some conclusions can be derived by the comparison with the literature data and it appears that the phase transformation towards inverse β II polymorph starts to occur [4] .
Discharge curve profile (Fig. 7) does not reflect a two-phase intercalation reaction (no obvious voltage plateau) due to the low conductivity at room temperature and it is typically observed for the room-temperature cycling of silicates [23] .
Conclusions
Monoclinic Li 2 FeSiO 4 polymorph that crystallizes in P2 1 /n space group was synthesized by means of the solid-state reaction at 750 °C. A combined X-ray diffraction and Mössbauer spectroscopy study revealed that the structure of the specimen is prone to an antisite defect, the one in which the Fe ion and the Li ion exchange places.
Furthermore, it was found that an iron ion replaces a lithium ion exclusively at the Li (2) position. This phenomenon was ascribed to the electrostatic repulsions between cations.
The bond-valence sum map method suggests that Li conductivity is two-dimensional in the (101) layer. After several galvanostatic cyclings the structural rearrangement to inverse β II polymorph was noticed. 
